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Abstract 
Largely used as main material in railway riveted bridges during the second half of the nineteenth century, the puddled iron 
characterizes for having an anisotropic behaviour due to the large amount of non metallic inclusions that it posses. Its mechanical 
characterization is thus difficult. Since these ancient structures have supported variable cyclic loadings at least for a century, the 
determination of the puddled iron’s fatigue properties becomes crucial to their maintenance. The self-heating method is proposed 
in this paper to accomplish this task. The obtained experimental self-heating curves show dispersion non observed in 
homogeneous materials, this phenomenon is explained by the lack of determination of the representative elementary volume of 
the puddled iron. However, this data gives us important information such as the minimum and maximum boundaries of the mean 
fatigue limit for several orientations. A two-scale probabilistic model for high cycle fatigue is also used to represent the 
dispersion on the experimental data by using Weibull’s distribution law to describe several characteristics of each site where the 
microplasticity occurs. The influence of such parameters and the limitations of the model are also studied. 
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1. Introduction 
About 40% in weight of the metal railway bridges currently in service in France are puddled iron hot riveted 
structures, this means that they were designed and built about one hundred years ago mainly during the second half 
of the nineteenth century. At the time, the study of the high cycle fatigue, a masked and progressive phenomenon, 
was just starting [1]. Considering that the loadings supported by these structures tend to increase over the years due 
to the evolution of the railway network, the characterization of the puddled iron's behaviour to cyclic loadings 
becomes of high importance to ensure the proper maintenance of this part of France patrimony. 
As a part of that research, this document will focus on the study of the anisotropy found in the puddled iron from 
the riveted bridge of Toles in Chaumont (France) and how this property particularly may affect the mean fatigue 
limit.  
This paper shall start with a brief explanation of the puddling process. The relationships between this practice and 
several of the mechanical characteristics of the puddled iron (such as its fragility, its heterogeneity, and of course, its 
anisotropy) will be established. A description of the methodology used to choose the pieces to manufacture the 
specimens will also be given. Subsequently, the high cycle fatigue characterization by the self-heating method will 
be explained in order to give some context to the results and discussions found in section 4. Furthermore, some 
conclusions and perspectives will be discussed.  
2. The Puddling Process 
Introduced by Henry Cort for the first time in 1784, the puddling process was improved and very popular in the 
second half of the nineteenth century. The reasons were many: the puddled iron was tougher, more malleable and 
more ductile than the cast iron [1].  
However, as a consequence of the manufacturing process, non-metallic inclusions (mostly phosphorus and iron 
oxides) of high phosphorus content are present in the finish product. This inclusions are distributed in a random way 
and their orientation will depend on the rolling direction (see Figure. 1a). As a result, the iron obtained by puddling 
is heterogeneous and therefore difficult to characterize [2]. It will also be anisotropic, due to the privileged direction 
given to the inclusions. 
 
 
(a) 
 
(b) 
 
Figure 1.  (a) Presence of non-metallic inclusions due to the puddling process in one of the α = 45° specimens 
from the Bridge of Toles (zoom on the surface of the specimen). (b) Photography of a puddle iron bar after a 
bending test  (Photo courtesy of SNCF).
α = 45° 
Axial loading axis 
Photo courtesy of SNCF 
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2.1. The railway bridge of Toles (Chaumont, France) 
Built at the end of the nineteenth century, in Chaumont (Champagne-Ardenne region) in the north-east of France, 
the material was recovered during reparation work due to a road accident were the structure was hit by a truck. As a 
consequence, several pieces of the bridge were taken down to be replaced and reassembled to assure the integrity of 
the bridge until its future total replacement.  
 
 
(a) 
 
(b) 
 
Figure 2.  Bridge of Toles (Chaumont, FRANCE): (a) Bottom view of one repaired floor-beam. (b) Global view. 
 
The sheet metal used for the fabrication of the specimens was 800 mm long, 305 mm wide and 10 mm thick. It 
was part of one of the floor-beams of the bridge (see Figure 2a) and because of that it had several rivet holes. The 
area of the sheet-metal affected by the accident was removed.   
3. Experimental set-up 
3.1. The self-heating method 
For the past decade various research groups, such as [3-8], have studied the empirical determination of the mean 
fatigue limit of materials by observing the evolution of the temperature in a specimen during cyclic loadings. This 
practice is known as the self-heating method. This technique is a faster and low cost alternative to the otherwise 
expensive and long classic fatigue tests. 
The method consists into progressively apply several steps of loading (see Figure3b) on to a specimen at a certain 
frequency (see Figure 3a). By using (in this case) a set of three thermocouples (see Figure 3e) the temperatures of 
the specimen and the grips are measured. Using this data we can determine the evolution (and eventual stabilization) 
of the temperature of the specimen due to the its self-heating. The curve relating the stabilized temperatures (see 
Figure 3c) with the correspondent stress amplitudes applied is called a self-heating curve (see Figure 3d) and it will 
evolve more rapidly from certain loading levels. This can be explained by assuming the presence of microplasticity 
induced dissipation. The mean fatigue limit is determined by calculating the intersection between the horizontal axis 
and a straight line that follows the asymptotic behaviour of the curve given by its last three points. 
Being anisotropy the main subject of interest, six orientations were chosen to study the behaviour of the puddled 
iron to high cycle fatigue: 0°, 15°, 30°, 45°, 60° and 90°, this angle noted as α was measured counter clock-wise 
between the inclusions and the loading axis. The ratio between maximum an minimum loading, noted R, was chosen 
equal to -1 and the load frequency was 20Hz to obtain a temperature level that would be easily measured. Each 
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specimen had a cross-section of approximately 50mm2.  
 
 
       (a) 
 
       (c) 
 
(b) 
 
     (d) 
 
 
(e) 
 
Figure 3.  The self-heating method. (a) Example of a sinusoidal loading. (b) Steps of charge used during a self-
heating test. (c) Evolution of the temperature of the specimen during the self-heating test. (d) Empirical 
determination of the mean fatigue limit by the analysis of a self-hating curve. (e) Experimental set-up. 
4. Results and discussions 
After the previous experimental considerations, the question about the reason to choose such specific orientations 
arises. We are interested in such cases because the hypothesis and assumptions that were used throughout the design 
of these ancient structures not represent the entire possibilities as shown by Åkesson and Al Emrani in [9] and [10] 
in their papers about stringer-to-floor-beam assemblies. The objects of our study are riveted structures and the 
behaviour of such joints is not entirely mastered due to the heterogeneities that are likely associated to the process 
(such as the exact temperature or the experience of the workers involved). Among these "parasite loadings" as 
Åkesson called them, we include the concentrated stresses around rivets and certain flexion configurations that 
could be at the source of the fatigue cracks commonly found in joints of railway bridges all across Europe [11-13]. 
4.1. Scatter 
As a first approach to the characterization of the puddle iron from the bridge of Toles, a tensile test was made on 
a 0° specimen. The determination of the yield stress of the material, in this case 270 MPa, is a value that let us do a 
first estimation of the amplitude loadings that were used in the self-heating test.  
As showed in Figure 4, the self-heating curves are not repeatable, this is consistent with the results found in [2] 
and [11]. This scatter is explained by the heterogeneity associated to puddle irons. Is the random distribution of the 
non-metallic inclusions that aloud us only to characterize the specimen  instead of the entire material. For this 
particular puddled iron they were necessary at least 5000 cycles at a 20Hz solicitation frequency to reach a steady-
state temperature. 
693 L. Gallegos Mayorga et al. /  Procedia Engineering  66 ( 2013 )  689 – 696 
0
2
4
6
8
10
12
14
0 50 100 150 200 250 300
∑0 [MPa]
θ st
 [K
]
 
Figure 4.  Puddled iron self-heating curves for all the tested specimens. 
4.2. Influence of inclusion's orientation 
Using the empirical methodology described in [14] the mean fatigue boundaries of each orientation can be 
estimated (see Figure 5). As expected, the mean fatigue limit boundaries get lower as α (the angle between the 
inclusions and the loading axis) grows (see Table 1 and Figure 6). However, and even though we have a tendency 
with the obtained results, more tests are still carried out to get a more representative set of curves. 
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Figure 5.  Puddled iron self-heating curves for four 0° specimens. 
 
 
 
f = 20Hz, R = -1 
Bridge of Toles (Chaumont) 
f = 20Hz, R = -1, α = 0° 
Bridge of Toles (Chaumont) 
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α   Σ ͚min [MPa] Σ ͚max [MPa] 
0° 217 230 
15° 200 215 
30° 160 170 
45° 155 160 
60° 150 175 
90° 90 125 
 
Table 1.  Evolution of the mean fatigue limit boundaries vs. the inclusion's orientation. 
 
 
 
Figure 6.  Evolution of the mean fatigue limit boundaries vs. the inclusion's orientation. 
4.3. Influence of inclusion's orientation 
The temperature measured during self-heating tests corresponds to a source term able to represent the multiple 
and different dissipative mechanisms in the material, for the puddled iron these mechanisms can be associated with 
microplasticity within the iron matrix and stress concentration around the non-metallic inclusions. However, the 
heterogeneity in the distribution, the size and the shape of the inclusions adds complexity to this already non-trivial 
choice. In order to apply a two scale probabilistic model described by a Weibull's law as seen in [2], we started by 
assuming the presence of only microplasticity associated dissipation for specimens at 0°. 
In this model the probability density function is given by: 
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Where m is the shape parameter of the distribution, S0 the size parameter and σy the yield stress of a 
microplasticity site, In addition, and as showed in [2] the dissipation term used will be the one given by: 
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Where h is a material parameter and the incomplete gamma function is given by: 
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Figure 7.  Comparison between numerical (mod) and experimental (exp) self-heating curves for α = 0° specimens 
using a two-scale probabilistic model. 
 
For each self-heating curve the shape and size parameters (m and S0) were calculated. The shape parameter m is 
found to be between 7.98 and 8.96 and S0 between 233.8 and 252.1. As shown in Figure 7, the curves obtained with 
the developed model fit well the experimental set o curves for α = 0°. However it can not yet represent the 
anisotropy as seen in Figure 8, where in the given example of α = 30° neither the behaviour at low stress amplitudes 
nor the asymptotical behaviour are well described. 
 
Figure 8.  Comparison between numerical (mod) and experimental (exp) self-hating curves for α = 30° specimens 
using a two-scale probabilistic model. 
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5. Conclusions and perspectives 
The self-heating measurements taken under cyclic loadings showed clearly a non-repeatable behaviour for this 
puddled iron, they also showed the presence of the anisotropy. Due to the heterogeneity of the material a more 
important number of specimens must be tested to obtain more representative results. 
The used model can represent the scatter found in the experimental results. However it cannot yet represent the 
anisotropy as seen in Figure 8. This can be explained by the fact that this particular model does not consider any 
other dissipation source but microplasticity. 
The model needs to be completed by taking into account, not only more dissipative mechanisms associated with 
the orientation of the non-metallic inclusions, such as a possible stress concentration around these, but also take to 
considered the difference in the temperatures reached by every specimen depending on its inclusions' orientation. 
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